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LIM kinases (LIMK), including LIMK1 and LIMK2, are unique LIM-family proteins containing a catalytic (kinase) domain.
These kinases phosphorylate an actin-depolymerizing factor, cofilin, involved in the regulation of actin-filament dynamics.
An unanswered question is the in vivo function of LIMK and how they contribute to development. When we cloned
Xenopus homologues of mammalian LIMK, Xlimk1 and Xlimk2, we found that their mRNA and products were abundantly
xpressed in oocytes. In addition, we obtained evidence for the functional involvement of Xlimk1/2 during oocyte
aturation. The microinjection of Xlimk1/2 mRNA into progesterone-treated oocytes significantly inhibited the appear-
nce of a white maturation spot (WMS), an indicator of entry into meiosis. In oocytes lacking a WMS, the organization
nd/or migration of the microtubule-derived precursor of the meiotic spindle was predominantly affected. We also found
hat the ectopic expression of Xlimk1/2 clearly prevented dephosphorylation (activation) of Xenopus cofilin (XAC) during
ocyte maturation. Furthermore, co-injection of Xlimk1/2 with the constitutively active type of XAC overcame the
nhibitory effects by Xlimk1/2, suggesting that XLIMK-induced abnormality in oocyte maturation was mediated by XAC
nactivation. Based on these findings, we propose that XLIMK is a putative regulator of cytoskeletal rearrangements during
ocyte maturation, and the interaction between XLIMK activity and microtubule dynamics seems highly
ikely. © 2001 Academic Press
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The LIM domain, a unique double zinc finger motif with
a cysteine-rich consensus sequence, is a modular functional
unit mediating specific protein–protein interactions and
has been found in over 60 genes in a wide variety of species
(reviewed in Curtiss and Heiling, 1998; Dawid et al., 1998).
Many LIM-containing proteins show stage- and/or tissue-
specific patterns of expression during embryogenesis and
are involved in regulation of various developmental events
including cell growth, cell fate determination and differen-
tiation, and tissue morphogenesis. Accordingly, the LIM-
containing protein family has emerged as a new category of
1 To whom correspondence should be addressed at the Divi-
sion of Biochemistry, Department of Oncology, Biomedical
Research Center B7, Osaka University Medical School, Suita,
Osaka 565-0871, Japan. Fax: 181-6-6879-3789. E-mail:
nakamura@onbich.med.osaka-u.ac.jp.
554ntracellular regulatory molecule, acting as a key player in
iverse and fundamental pathways controlling develop-
ent.
LIM kinase (LIMK) is the only known class of LIM-family
rotein that has a catalytic (kinase) domain. This kinase is
haracterized by unique structural features: two tandemly
rrayed LIM domains at the N-terminal, a protein kinase
egion at the C-terminal, and a PDZ-like motif at the
nterposing region (Mizuno et al., 1994; Ohashi et al., 1994;
Bernard et al., 1994; Cheng and Robertson, 1995; Okano et
al., 1995; Pro¨schel et al., 1995). In human, rat, and mouse,
two types of related but distinct LIMK, named LIMK1 and
LIMK2, have been identified (Nunoue et al., 1995; Osada et
al., 1996; Koshimizu et al., 1997). It has been reported that
LIMK regulates the actin reorganization mediated by the
Rho family of small GTPases, including Rho, Rac, and
Cdc42 (Arber et al., 1998; Yang et al., 1998; Sumi et al.,
1999). These Rho subfamily proteins have an indispensable
role in regulating actin filament dynamics. LIMK, activated
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555LIMK in Meiotic Progressiondownstream of Rho family molecules, catalyzes phosphor-
ylation of an N-terminal serine residue of cofilin, a potent
disassembly factor of actin filament (reviewed in Bamburg
et al., 1999; Meberg et al., 1998). As the F-actin depolymer-
izing activity of cofilin, which is essential for actin reorga-
nization, is abrogated by its phosphorylation, ectopic LIMK
expression leads to accumulation of actin filaments and
aggregates. Therefore, LIMK may be a key component of a
fundamental signal transduction system that connects ex-
tracellular stimuli to changes in cytoskeletal structure.
However, the in vivo function of LIMK remained to be
elucidated. In adult brain, LIMK1 (Mizuno et al., 1994;
Cheng and Robertson, 1995; Pro¨schel et al., 1995; Nunoue
et al., 1995) and the N-terminal truncated LIMK2 isoform,
called LIMK2b (Koshimizu et al., 1997), are predominantly
expressed. Both LIMK1 and LIMK2 genes are also expressed
in developing neural tissues (Cheng and Robertson, 1995;
Proschel et al., 1995; Mori et al., 1997). These findings
suggested the important role of LIMK in neural develop-
ment and function, yet no confirmed evidence has hereto-
fore been obtained. To address the functional role of LIMK
during development, we used the amphibian Xenopus lae-
vis as a model system. In our previous study, we obtained a
Xenopus counterpart of the mammalian LIMK1 gene,
Ximk1 (Takahashi et al., 1997). The Xlimk1 gene is highly
omologous to mammalian LIMK1 in each structural do-
ain, particularly in LIM and the protein kinase domain.
s is the case in mammalian LIMK1, Xlimk1 transcripts are
bundant in developing neural tissues, such as brain re-
ions, eyes, and branchial arches in postneurula stages of
he embryo. Another interesting feature of Xlimk1 is that it
s strongly expressed in oocytes and subsequent cleavage
tages of embryo, thereby suggesting a crucial role for LIMK
uring early development.
In the present study, we identified a Xenopus homologue
f mammalian LIMK2 gene, Xlimk2, and examined the
xpression pattern, substrate specificity, and actin reorga-
izing activity. As both Xlimk1 and Xlimk2 mRNA are
ighly expressed in oocytes, we then focused on the func-
ional role of Xlimk1/2 during oocyte maturation. This
evelopmental process is triggered by exposure to proges-
erone, an event by which oocytes undergo a sequence of
iochemical alterations (reviewed in Sagata, 1996, 1997).
irst, the synthesis and activation of Mos protein kinase
ccurs. Mos leads to activation of preexisting stores of MAP
inase (MAPK), which is required for activation of
aturation- (or M-phase) promoting factor (MPF), a com-
lex consisting of cyclin B and p34cdc2. MPF activation
subsequently causes germinal vesicle breakdown (GVBD),
chromosome condensation, and spindle formation in ma-
turing oocytes (Masui and Clark, 1979).
When Xlimk1/2 mRNA was overexpressed in
progesterone-treated oocytes, progress in maturation was
apparently impaired, although no change was found in
MAPK and MPF activities. In these oocytes, a white matu-
ration spot (WMS), a good indicator of meiotic develop-
ment, did not form and organization of the microtubule-
Copyright © 2001 by Academic Press. All rightderived precursor of the first meiotic spindle was
predominantly affected. We also found that such inhibitory
action by Xlimk1/2 was mediated by cofilin. Based on these
results, the crucial role of XLIMK in oocyte maturation,
especially in the regulation of the cytoskeleton system,
seems evident.
MATERIALS AND METHODS
Cloning of Xenopus LIMK2 Gene
A Xenopus ovary cDNA library in Lambda ZAP II was screened,
sing a putative Xlimk2 cDNA fragment previously obtained
Takahashi et al., 1997). Seven positive clones were isolated from
bout 5 3 105 independent plaques, subcloned into pBluescript
K(2) (Stratagene), and sequenced.
Construction of Plasmid
Using a PCR-mediated method, plasmids containing the full-
length coding sequence of Xlimk1/2 (termed WT/XLK1/2) cDNA
were constructed so as to have the Xenopus b-globin 59 untrans-
ated region sequence (Patient et al., 1983) and a c-Myc and
emagglutinin (HA) epitope at 59 and 39 ends, respectively. The
odified fragments were then subcloned into the pSP64polyA
ector (Promega) for RNA synthesis and the pcDNA3 vector
Invitrogen) for transfection experiments. Deletion mutants lack-
ng the LIM domain (deleted amino acid residues 25–150, DLIM/
LK1; 2–124, DLIM/XLK2) were prepared, and subsequently, the
inase-defective type of mutants were prepared by the substitution
f Asp435 in the XLIMK1 and Lys321 in the XLIMK2 kinase domain,
termed DLIM/XLK1/2(KD). A constitutively active XAC2 cDNA
was also subcloned into the expression vectors. For all constructs,
we verified their authenticity by DNA sequencing and further
confirmed the proper translation of the expected sizes of products
using an in vitro rabbit reticulocyte lysate system (Promega) and in
vivo protein production in Xenopus oocytes.
Cytological Examination in Cultured Cells
HeLa cells were maintained in minimal essential medium
supplemented with 10% fetal bovine serum (FBS) and nonessential
amino acids. For the immunofluorescence study, HeLa cells were
plated on a coverglass at a density of 5 3 103 cells/cm2 in six-well
plates. After 12 h, the cells were transfected with plasmid DNA,
using Lipofectamine (GIBCO), as described (Sumi et al., 1999). To
detect the epitope-tagged LIMK, cells were fixed with methanol,
incubated with 0.5 mg/ml anti-HA (12CA5; Boehringer Mannheim)
in PBS containing 3% goat serum, and visualized with the use of
the FITC-conjugated anti-mouse IgG antibody (Organ Teknika–
Cappel). Simultaneously, actin filaments were stained with
rhodamine-labeled phalloidin (Molecular Probes). Fluorescence
was viewed and photographed, using a LSM410 confocal laser
scanning microscope (Carl Zeiss).
Immunoprecipitation and Kinase Assays in
Cultured Cells
COS-7 cells were grown in Dulbecco’s modified Eagle’s medium
with 10% FBS. Subconfluent COS-7 cells were trypsinized and
s of reproduction in any form reserved.
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556 Takahashi et al.resuspended in PBS and 106 cells were transfected with 10 mg of
plasmid DNA by electroporation, using a Gene Pulser (Bio-Rad).
After 36–48 h, cells were washed with PBS and suspended in
lysis buffer (50 mM Tris–HCl, pH 7.5, 0.5 M NaCl, 1% Triton
X-100, 10% glycerol, 25 mM b-glycerophosphate) containing 1 mM
PMSF, 2 mg/ml leupeptin, 2 mg/ml aprotinin, and 1 mM NaVO4.
fter centrifugation, cleared lysates were incubated with protein
–Sepharose (Amersham Pharmacia Biotech) and anti-Myc or
nti-HA antibody for 16 h and then washed several times with cold
ysis buffer.
For the in vitro kinase assay, protein G–Sepharose beads con-
taining immunoprecipitated LIMK were resuspended in kinase
reaction buffer (50 mM Hepes, pH 7.5, 5 mM MgCl2, 5 mM MnCl2,
0 mM NaF, 1 mM NaVO4, 25 mM b-glycerophosphate) with 50
mM ATP, 5 mCi of [g-32P]ATP (6000 Ci/mmol), and 5 mg GST–
cofilins as substrates. GST fusion proteins were prepared essen-
tially as described (Abe et al., 1996; Sumi et al., 1999). Reactions
ere halted by adding SDS sample buffer and loading on 10%
DS–polyacrylamide gel electrophoresis.
Preparation of Oocytes
Ovaries were obtained from mature female Xenopus laevis
(anesthetized for 30 min in ice water) through a small ventral
incision and immediately placed in 13 modified Barth’s saline
(MBS; 10 mM Hepes, pH 7.6, containing 88 mM NaCl, 1 mM KCl,
2.4 mM NaHCO3, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, and 0.82
mM MgSO4). Clumps of 10–20 oocytes were then subjected to
.2% collagenase (type I; Wako) treatment for 2–3 h, with gentle
otation. The oocytes were then rinsed several times in MBS and
ultured overnight at 18°C. Stage VI (1.2 mm in diameter) oocytes
ere defolliculated by manual dissection.
Antibody and Immunoblotting
To prepare XLIMK1- and XLIMK2-specific antisera, the syn-
thetic peptides RRGDSTLHVHPEIPE and GLTRECSKLEEGASV
corresponding to the C-terminal sequence of XLIMK1 (amino acid
residues 601–615) (Takahshi et al., 1997) and XLIMK2 (amino acid
residues 591–605; this study), respectively, were conjugated to
keyhole limpet hemocyanin and used as immunogens. Rabbits
were first injected subcutaneously with the peptides mixed with
Freund’s complete adjuvant, followed by eight inoculations of the
peptide conjugated with Freund’s incomplete adjuvant, each given
at a 1-month interval. The IgG fraction was purified and anti-
XLIMK1 and anti-XLIMK2 antibodies were affinity purified on a
column of Cellulofine coupled to the antigenic peptides. Prepara-
tion and precise characterization of anti-XAC antiserum have been
described in detail (Abe et al., 1996).
For immunoblotting, staged oocytes were homogenized in ex-
traction buffer (20 mM Tris–HCl, pH 7.5, containing 60 mM
b-glycerophosphate, 10 mM EGTA, 10 mM MgCl2, 1 mM DTT, 0.1
mM NaF, 1 mM NaVO4, 1 mM phenylmethylsulfonyl fluoride, 2
mg/ml antipain, and 2 mg/ml leupeptin). Homogenized extracts
were subjected to SDS–PAGE and transferred to polyvinylidene
difluoride membrane. Membranes were incubated with respective
antibodies and subsequently with horseradish peroxidase-
conjugated anti-rabbit or anti-mouse IgG antibody. Immunoreac-
tive bands were detected using the ECL Western blotting detection
system (Amersham), according to the manufacturer’s protocol. L
Copyright © 2001 by Academic Press. All rightMicroinjection of in Vitro Synthesized RNA
RNAs for injections were generated after linearization of the
plasmid by restriction enzyme digestion and in vitro transcription
by SP6 RNA polymerase in the presence of 0.5 mM nucleotides and
2.5 mM GTP cap analog (New England Biolabs). After DNase
treatment, RNAs were extracted with phenol–chloroform, precipi-
tated with ethanol, and resuspended in distilled water.
Microinjection experiments in this study were essentially car-
ried out, using a micromanipulator (Narishige Co.) and the Micro-
injector 5242 (Eppendorf) system, according to the protocol de-
scribed elsewhere (Vize et al., 1991). Briefly, stage VI oocytes
howing a clear border between animal and vegetal half were
elected and injections were given in MBS containing 3% Ficoll
Pharmacia Biotech) by inserting a glass needle into the marginal
one, the border between the pigmented and the nonpigmented half
f the oocyte. Concentration of the injected mRNA was 100–1000
g/ml in a volume of 10 nl per oocyte. Four hours after injection,
oocyte maturation was induced with 5 mg/ml progesterone (Sigma)
n MBS. GVBD was scored by the appearance of WMS in the animal
emisphere and confirmed after fixation in 10% trichloroacetic
cid.
In Vitro Kinase Assay in Oocytes
For determination of endogenous MAPK, MPF, and XLIMK
activities, histone H1, myelin basic protein (MBP), and cofilin were
used as substrates, respectively. Homogenized oocyte extracts,
prepared in the presence of phosphatase inhibitors, were incubated
with histone H1 kinase reaction mix (20 mM Hepes, pH 7.5,
containing 5 mM EGTA, 10 mM MgCl2, 0.1 mM ATP, 5 mM PKA
nhibitor peptide, and 0.5 mg/ml histone H1 (Sigma)) or 0.5 mg/ml
BP (Sigma) in the presence of 5 mCi [g-32P]ATP at 25°C for 15 min
Murray, 1991; Gotoh et al., 1991). To determine the endogenous
ctivity to phosphorylate cofilin in oocytes, extracts were incu-
ated with 0.5 mg/ml GST–cofilin (Abe et al., 1996; Sumi et al.,
999) and 5 mCi [g-32P]ATP at 30°C for 30 min, then GST–cofilin
was purified on glutathione beads. Reacted samples were resolved
by SDS–PAGE, and the 32P-labeled proteins were detected by
autoradiography.
Cytological Examination in Oocytes
Oocytes were fixed in Bouin’s solution and embedded in paraffin,
and 8-mm-thick sections were prepared. The slides were then
tained with hematoxylin and eosin.
For visualization of microtubules, whole-mount immunohisto-
hemistry was carried out essentially as described by Gard (1991,
993). Oocytes were fixed in microtubule assembly buffer (80 mM
ipes, pH 6.8, containing 1 mM MgCl2, 5 mM EGTA, 3.7%
formaldehyde, 0.25% glutaraldehyde, 0.2% Triton X-100, and 0.5
mM taxol) for 3 h, followed by postfixation overnight in absolute
methanol at 220°C. Prior to processing for immunofluorescence,
oocytes were rinsed in Tris-buffered saline, then bisected either
laterally or equatorially, using a fine blade. The oocytes were next
incubated with anti-a-tubulin antibody, DM1A (Sigma), and sub-
equently with rhodamine-conjugated goat anti-mouse IgG (Organ
eknika–Cappel); dehydrated in a graded series of methanol; and
leared in benzyl benzoate–benzyl alcohol. Fluorescent images
ere examined under a laser scanning confocal microscope (type
SM410; Carl Zeiss).
s of reproduction in any form reserved.
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557LIMK in Meiotic ProgressionRESULTS
Cloning of a Xenopus Homologue of the LIMK2
Gene and Its Expression Pattern
In our previous study (Takahashi et al., 1997), we ob-
tained a partial cDNA fragment homologous to mammalian
LIMK2 from a Xenopus embryo library, using a PCR-
ediated method. The full-length cDNA was screened
FIG. 1. Cloning of Xenopus LIMK2 (Xlimk2) cDNA. (A) Deduced
DNA sequence of Xlimk2 has been submitted to the DDBJ/EMBL
ntroduced to optimize the alignment. Amino acids are numbered o
esidues (60 amino acids at the N-terminal of Xlimk2) show the re
IMK2. LIM domains (LIM-1 and LIM-2) and protein kinase doma
istidine residues within LIM domains, which are involved in chel
s indicated by arrows. (B) Schematic representation of Xlimk2 p
Identities of amino acid residues between XLIMK2 and XLIMK1, hrom a Xenopus ovary cDNA library, using this fragment as w
Copyright © 2001 by Academic Press. All rightprobe, and several clones, including the possible entire
oding region, were isolated. In these clones, there were
hree potential ATG translational initiation codons up-
tream of a single long open reading frame. As only the
econd ATG fit the Kozak consensus sequence (Kozak,
989), we tentatively numbered this ATG as a start codon.
hus, the open reading frame was composed of 605 amino
cids residues (Figs. 1A and 1B). As the overall identities
no acid sequence of Xlimk2, compared with that of Xlimk1. The
Bank DNA databases under Accession No. AB038517. Gaps (–) are
right. Identical residues in Xlimk1 are indicated with dots (.). Italic
in which the sequence has no homology with that in mammalian
e indicated by a box and a dotted box, respectively. Cysteine and
zinc ions, are double underlined. Position of the PDZ-like region
t (XLIMK2), compared to that of Xlimk1 product (XLIMK1). (C)
n (h) LIMK1, and hLIMK2 are indicated (%).ami
/Gen
n the
gion
in ar
ating
roduc
umaith amino acids of human LIMK1 and LIMK2 were 48 and
s of reproduction in any form reserved.
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558 Takahashi et al.60% (Fig. 1C), respectively, we designated this cDNA as a
Xenopus homologue of LIMK2, Xlimk2. In the protein
kinase domain, Xlimk2 was highly homologous to mam-
malian LIMK2.
However, the expected N-terminal structure of the
Xlimk2 product (XLIMK2) differed from that of mammalian
LIMK2. Mammalian LIMK2 contains two tandem arrays of
LIM domains, while XLIMK2 has only one LIM domain
(LIM-2), due to a different amino acid sequence in the place
of the first LIM (LIM-1) domain in mammalian LIMK2.
Although one LIM-domain-truncated isoform of LIMK2
exists in mammals (Okano et al., 1995; Osada et al., 1996;
Koshimizu et al., 1997), the N-terminal 60 amino acids of
XLIMK2 had no homology with the LIMK2 variants (Fig.
1B) and were irrelevant to other known sequences in the
DNA databases. Among more than 50 clones obtained from
the ovary and embryo cDNA libraries, Xlimk2 cDNAs
containing two LIM domains were never evident. Accord-
ingly, we consider that this LIM-domain-deleted type of
transcript is, at least during development, a predominant
form of Xlimk2.
As shown in Fig. 2, Northern blot analysis revealed two
different sizes (3.2 and 6.5 kb) of Xlimk2 transcripts. The
size of the smaller transcript was in good accord with the
length of the cDNA we cloned, and we confirmed that the
two distinct sizes of transcripts were related to a difference
in the length of the 39 noncoding region (data not shown).
The 3.2-kb mRNA was clearly evident in the oocytes and
early cleavage stages of the embryo (stages 2–9), the expres-
sion rapidly decreased at the gastrula (stage 12) and then
disappeared at the neurula stage (stage 18). On and after the
late neurula stage (stage 22), both 3.2- and 6.5-kb transcripts
were weak, yet expression remained through all stages of
development. In adult frogs, Xlimk2 mRNA was weakly
expressed in brain, lung, liver, intestine, and kidney (data
FIG. 2. Northern blot analysis of Xlimk2 mRNA during Xenopus dev
nd oocytes (Oc). As a probe, a 32P-labeled Xlimk2 cDNA fragmen
transcripts are indicated by arrowheads. The bottom shows ethidiumnot shown).
Copyright © 2001 by Academic Press. All rightActin Reorganization and Phosphorylation of
Cofilin by XLIMK2
Mammalian LIMK2 (Sumi et al., 1999), as well as LIMK1
(Arber et al., 1998; Yang et al., 1998), phosphorylates an
actin-binding protein, cofilin, which promotes disassembly
of actin filaments. Phosphorylation of cofilin via LIMK2
inactivates this potential, hence LIMK2 induces conversion
of G-actin into F-actin. We thus asked if Xenopus LIMK2
can also phosphorylate cofilin and regulate actin dynamics,
and for this we used several Xlimk2 constructs (Fig. 3A).
When transfected into HeLa cells, rat LIMK2 led to a
prominent conversion of G-actin into F-actin, as visualized
using rhodamine-conjugated phalloidin (Fig. 3B). Transient
expression of Xlimk2 also resulted in elongated rectangular
to polygonal cell shapes due to intracellular formation of
actin bundles and termination at pointed edges (Fig. 3C). In
addition, a deletion mutant of XLIMK2 which lacks the
LIM domain (named DLIM/XLK2) induced more drastic
changes in shape and exclusive aggregation of actin into
multiple discrete clumps (Fig. 3D). In contrast, expression
of a kinase-inactive mutant of XLIMK2, DLIM/XLK2(KD),
had no apparent effect on actin organization (Fig. 3E).
As described in our previous report (Sumi et al., 1999),
cell fractions immunopurified from rat LIMK2-expressing
COS-7 cells apparently phosphorylated recombinant GST-
fused cofilin (Fig. 3F). The same fractions promoted phos-
phorylation of Xenopus cofilin, XAC. The cofilin/XAC
phosphorylation activity of XLIMK2 was comparable to
that of mammalian LIMK2. Furthermore, DLIM/XLK2
showed a drastic increase in phosphorylation activity (more
than sixfold compared to that of intact XLIMK2 (WT/
XLK2)), but DLIM/XLK2(KD) protein did not phosphorylate
either substrate, a finding in parallel with data obtained
from the actin-reorganizing potential assay, using HeLa
ent. We loaded 10 mg of total RNA of embryos at the indicated stages
bp; corresponding to bp 246–975) was used. Positions of Xlimk2
ide-stained 18S and 28S ribosomal RNA, in the same gel.elopm
t (729cells. Thus, XLIMK2 can induce actin reorganization, the
s of reproduction in any form reserved.
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and the LIM domain of XLIMK2 negatively regulated
XLIMK2 activity, which was in good accord with findings
in mammalian LIMK2 (Sumi et al., 1999).
Expression of XLIMK Protein during Xenopus
Oocyte Maturation
Since Xlimk1/2 mRNA was abundantly expressed in
ocytes as described above, we considered that XLIMK1/2
FIG. 3. Phosphorylation of cofilin and F-actin accumulation by X
used in this study. Numbers indicated above show the number o
indicates the residue at which a point mutation is inserted. (B–E)
Serum-starved HeLa cells were transfected with rat LIMK2 (B),
double-stained for actin with rhodamine–phalloidin and for ectopi
vitro kinase assay of mammalian and Xenopus LIMK2. Epitope-tag
cipitated. The immunoprecipitates were subjected to in vitro kina
s substrates (upper two rows, in this order), and to immunoblots (bay be functionally involved in oocyte growth and/or o
Copyright © 2001 by Academic Press. All rightaturation. We then carried out immunoblot analysis
sing our generated anti-XLIMK1 and anti-XLIMK2 anti-
odies. Each antibody recognized a specific band with an
stimated molecular mass (XLIMK1, 70 kDa; XLIMK2, 65
Da) in corresponding cDNA-transfected COS-7 cells, but
ot in the parent cells (Figs. 4A and 4B). These molecules
ere further confirmed to be Xlimk1 and Xlimk2 products,
ince preincubation of these antibodies with excess
mounts of peptide immunogens led to disappearance of
hese bands (data not shown). Also in Xenopus stage VI
K2. (A) Schematic representation of a series of Xlimk2 constructs
ino acid residues flanking the deleted region of Xlimk2. Asterisk
mulation of F-actin induced by mammalian and Xenopus LIMK2.
XLK2 (C), DLIM/XLK2 (D), and DLIM/XLK2(KD) (E). Cells were
expressed XLIMK2 protein with anti-HA antibody (insets). (F) In
LIMK/XLIMK2 protein expressed in COS-7 cells was immunopre-
action with [g-32P]ATP, using GST-fusion mouse cofilin and XAC
). Phosphorylated cofilin/XAC was detected autoradiographically.LIM
f am
Accu
WT/
cally
ged
se re
ottomocytes, both the 70-kDa band of XLIMK1 and the 65-kDa
s of reproduction in any form reserved.
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560 Takahashi et al.band of XLIMK2 were detected endogenously, using these
antibodies (Figs. 4A and 4B). In Xenopus, exposure of stage
I oocytes to progesterone triggers meiotic maturation
FIG. 4. Detection of XLIMK1/2 protein and “cofilin kinase” activi-
ties in Xenopus oocytes. Specificities of anti-XLIMK1 (A) and anti-
XLIMK2 (B) antibody are shown. Cell extracts were prepared from
Xlimk1 or Xlimk2 cDNA-transfected COS-7 cells (lane 1), the paren-
tal COS-7 cells (lane 2), and stage VI oocytes (lanes 3 and 4).
Immunoblot analyses were carried out using anti-XLIMK1 or anti-
XLIMK2 antibody (lanes 1–3) and control rabbit IgG (lane 4). Some
lower, faint bands seen in lane 3 were verified to be degraded XLIMK
products. The molecular masses of marker proteins are indicated on
the left. (C) Expression of XLIMK1/2 protein during oocyte matura-
tion. Oocyte extracts were obtained from the indicated stages of
progesterone-treated oocytes, and immunoblotting was done. Expres-
sion of proliferating cell nuclear antigen (PCNA) in each stage of
development is represented as a standard control. (D) Endogenous
activity to phosphorylate cofilin in maturing oocytes. Oocyte extracts
were obtained from indicated stages of progesterone-treated oocytes,
and in vitro kinase assay was done with GST–cofilin as a substrate.
Under this experimental condition, we confirmed that the phosphor-
ylated residue in cofilin was Ser3, which LIMK/XLIMK specifically
phosphorylates, suggesting that endogenous “cofilin kinase” activity
was mostly attributable to XLIMK (data not shown). The normal
progression of oocyte maturation was checked by phosphorylation of
MBP and histone H1 (Murray, 1991; Gotoh et al., 1991).Masui and Clarke, 1979). After 4–6 h of progesterone
Copyright © 2001 by Academic Press. All rightreatment, when the oocytes were at mid–late stage of
rophase of meiosis I, the XLIMK1 level was significantly
ecreased to less than half, although XLIMK2 was con-
tantly evident (Fig. 4C). We then examined the endogenous
ctivity required to phosphorylate cofilin (“cofilin kinase”
ctivity) in oocytes, using an in vitro kinase assay. As
hown in Fig. 4D, progesterone treatment slightly enhanced
he phosphorylation of cofilin, but there was no apparent
hange thereafter until maturation was completed. These
esults suggested that net XLIMK activity as cofilin kinase
n oocytes was almost constant during progression of matu-
ation, though some decrease of XLIMK protein did occur.
Injection of Xlimk mRNA Impaired the Appearance
of a White Maturation Spot in Oocytes
Effects of ectopic expression of Xlimk1/2 mRNA on
progesterone-induced oocyte maturation were then exam-
ined (Figs. 5A and 5B). The oocytes were scored for the
appearance of a WMS at their animal poles, an indicator of
entry into meiosis (Masui and Clarke, 1979). In control
oocytes, WMS first appeared after 2–3 h of progesterone
treatment, and almost all exhibited WMS for up to 6–7 h
(Figs. 5A, 5B, and 5D). When either WT/XLK1 or WT/XLK2
mRNA was injected into stage VI oocytes, appearance of
WMS was significantly delayed and impaired. After 5 h of
progesterone treatment, over 70% of the control oocytes
had WMS, while about 50% were seen in WT/XLK1/2-
injected oocytes. After 7 h, more than 20% of WT/XLK1/2-
injected oocytes had no WMS. The average time at which
50% of oocytes had WMS was significantly delayed in
WT/XLK1/2-injected oocytes, compared to findings in in-
tact or control oocytes (234 6 15.2 min in control vs 319 6
12.4 and 308 6 16.0 min in WT/XLK1- and WT/XLK2-
injected oocytes, respectively; P , 0.05). The inhibitory
action was more evident in oocytes injected with a deletion
mutant of Xlimk1/2, DLIM/XLK1/2. Although an obscure
spot was observed in a very small population of DLIM/
XLK1/2-injected oocytes even after 6 h of progesterone
treatment, no WMS formation was found in most of the
injected oocytes (Figs. 5A, 5B, and 5E). In contrast, injection
of DLIM/XLK1/2(KD) had no apparent effects on WMS
appearance (Fig. 5F), suggesting that XLIMK-induced im-
pairment of WMS formation was mediated by the kinase
action of XLIMK.
Disruption of Microtubule-Organizing Center and
Transient Microtubule Array (MTOC-TMA) in
Oocytes Lacking WMS
To determine the point at which XLIMK1/2 inhibits the
process of oocyte maturation, we examined the activity of
MAPK and MPF in oocytes injected with each Xlimk1/2
construct. When the oocytes were stimulated with proges-
terone, as shown in Fig. 6A, MAPK was phosphorylated and
the band of MAPK was reduced in its electrophoretic
mobility shift, as described elsewhere (Gotoh et al., 1991).
s of reproduction in any form reserved.
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(Fig. 6B). Based on these criteria, MAPK activity in extracts
from DLIM/XLK1/2-injected oocytes, in which oocyte
maturation was inhibited, was comparable to findings in
control oocytes or other Xlimk1/2 construct-injected oo-
ytes. Regarding MPF activity, we examined the phosphor-
FIG. 5. Effects of microinjection of Xlimk1/2 mRNA on progestero
of progesterone-induced WMS in Xlimk1 (A) and Xlimk2 (B) mR
indicated mRNA and, 4 h later, exposed to 5 mg/ml progestero
xperiments. External appearances of oocytes are shown in (C–F)
oocytes. (D) Control oocytes after 7 h of progesterone treatment. N
oocytes. (E) DLIM/XLK1 mRNA-injected oocytes after 7 h of proges
of progesterone treatment.lation of exogenous histone H1. In all oocytes injected a
Copyright © 2001 by Academic Press. All rightith each Xlimk1/2 construct, histone H1 was highly
hosphorylated, as it was in control oocytes, thereby indi-
ating a normal MPF activity (Fig. 6C).
We then compared the cytological structure and organi-
ation of cellular organelles in WMS-lacking oocytes with
hose in controls. Progesterone-induced activation of MPF,
duced Xenopus oocyte maturation. Time course of the appearance
injected oocytes. Oocytes were microinjected with 10 ng of the
ssentially the same results were obtained in five independent
Progesterone-untreated, control (b-galactosidase) mRNA-injected
the WMS visible at the pole of pigmented (animal) hemisphere of
e treatment. (F) DLIM/XLK1(KD) mRNA-injected oocytes after 7 hne-in
NA-
ne. E
. (C)
ote
teronn universal regulator of M-phase transition in eukaryotic
s of reproduction in any form reserved.
562 Takahashi et al.cells, triggers GVBD, chromosome condensation, spindle
formation, and progression to metaphase II (Masui and
Clark, 1979; Sagata, 1996, 1997). In progesterone-untreated
oocytes, germinal vesicles (GV; large nucleus of oocytes)
were readily visible in animal hemispheres (Fig. 7A). When
the progesterone-treated intact or control mRNA-injected
oocytes were fixed soon after WMS appearance (4–5 h
after progesterone treatment), the nuclear envelopes were
no longer visible (i.e., “GVBD” had occurred) (Fig. 7B).
Furthermore, the path toward the animal cortex could be
seen as a roughly cylindrical, yolk-free region. This process,
which generates WMS, provides a clear external sign of
successful transportation of chromosomes to the animal
pole. In yolk-free zones, a disc-shaped organelle called the
“microtubule organizing center (MTOC) and transient mi-
crotubule array (TMA)” (Jessus et al., 1986; Gard, 1992;
Gard et al., 1995a) was observed (see below). In time-
matched oocytes injected with DLIM/XLK1/2 mRNA, the
cytological figures differed. In most oocytes lacking WMS,
cylindrical yolk-free paths and the MTOC-TMA were not
evident (Fig. 7C), even though the nuclear envelopes had
almost disappeared. A yolk-free zone could be seen only in
the area GV had occupied, and a yolk-poor region composed
of diffused GV components was widely distributed. As such
cytological abnormality was similar to that observed in
oocytes treated with colchicine, an inhibitor for micro-
tubule formation (Fig. 7D), it was suggested that the
microtubule system in DLIM/XLK1/2-injected oocytes was
affected.
We also observed the organization of the MTOC-TMA in
DLIM/XLK1/2-injected oocytes, using confocal immunoflu-
orescence microscopy. In the control oocytes just prior to
GVBD, the tubulin-positive component (MTOC-TMA com-
FIG. 6. Activation of MAPK and MPF in Xlimk1/2 mRNA-injected
oocytes. Oocytes were prepared 6 h after progesterone treatment. (A)
Immunoblotting with anti-MAPK antibody, showing the mobility
shift that accompanies activation. (B) MBP kinase assay to determine
MAPK activity. (C) Histone H1 kinase assay to determine MPF
activity. PG, progesterone treatment. These results were essentially
the same when corresponding Xlimk2 mRNAs were used.plex) was first seen near the basal (vegetal) region of GV (Fig.
Copyright © 2001 by Academic Press. All right7E) and gradually translocated toward the animal pole, as
described elsewhere (Jessus et al., 1986; Gard, 1992; Gard et
al., 1995a). However, in DLIM/XLK1/2-injected oocytes, the
MTOC-TMA complex was hardly found and when visible
FIG. 7. Cytological observation of Xlimk1/2 mRNA-injected oo-
cytes after progesterone treatment. Representative views are
shown. (A) A progesterone-untreated oocyte injected with 10 ng of
DLIM/XLK1(KD) mRNA. DLIM/XLK1(KD) was used as an unaf-
fected control. (B) An oocyte injected with 10 ng of DLIM/
XLK1(KD) mRNA after 5 h of progesterone treatment. An arrow
points to MTOC-TMA. (C) Oocytes injected with 10 ng of DLIM/
XLK1 mRNA after 5 h of progesterone treatment. (D) An oocyte
exposed to 50 mg/ml colchicine after 5 h of progesterone treatment.
In (C) and (D), black and white arrowheads indicate yolk-free zones
where GV were located and the region where yolk and nucleoplasm
were mixed, respectively. Note that the MTOC-TMA and a clear
path toward the animal pole shown in (B) are not formed. Confocal
immunofluorescence microscopy with anti-a-tubulin in oocytes
injected with DLIM/XLK1(KD) mRNA and DLIM/XLK1 mRNA are
shown in (E) and (F), respectively. Four hours after mRNA injec-
tion, oocytes were treated with progesterone and fixed soon after
the appearance of WMS. Note that a typical MTOC-TMA complex
is observed near the basal region of the GV in (E), but fewer and
shorter microtubule arrays (arrowheads) are nucleated from MTOC
in (F). gv, germinal vesicle. These results were essentially the same
when the corresponding Xlimk2 mRNA was used.
s of reproduction in any form reserved.
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563LIMK in Meiotic Progressionthe structures were fragile. As shown in Fig. 7F, the accu-
mulation of tubulin (microtubules) at the basal region of
GV was poor, compared with findings in control oocytes.
The extension of microtubule arrays was drastically im-
paired and with this failure the MTOC-TMA did not
migrate from the area of formation. Furthermore, the mei-
otic spindles originally derived from the MTOC-TMA were
never evident in DLIM/XLK1/2-injected oocytes after a long
culture period (6–9 h) (data not shown). Based on these
results, we considered that injection of DLIM/XLK1/2
mRNA predominantly impaired organization and migra-
tion of the MTOC-TMA, hence WMS, a clear external sign
of successful transportation of chromosomes to the animal
pole, did not appear.
Rescue of XLIMK-Induced Impairment of WMS
Formation by Cofilin
We subsequently asked whether the XLIMK1/2-induced
abnormal WMS formation is mediated by Xenopus cofilin,
XAC. First, the temporal expression and phosphorylation
FIG. 8. Detection of phosphorylated XAC protein during oocyte m
progesterone treatment. Oocytes, labeled with [32P]orthophosphate
25, 50, and 100% of oocytes showed WMS. (B) Effects of microinj
obtained from oocytes injected with indicated Xlimk1/2 mRNA afte
ith anti-XAC antibody, as described (Abe et al., 1996). Phosphory
y autoradiography, and analyzed densitometrically using a BAS20
re statistically different at P , 0.05. Each column represents th
ignificance of difference was evaluated by ANOVA. PG, progestestates of XAC during oocyte maturation were examined. XAC e
Copyright © 2001 by Academic Press. All rightrotein (including both XAC1 and XAC2, which are function-
lly equivalent) was detected in untreated stage VI oocytes,
nd expression levels remained constant throughout the
tages of maturation (Fig. 8A). On the other hand, the phos-
horylated states of XAC were markedly changed. In un-
reated stage VI oocytes, the phosphorylated, inactive form
f XAC was extensive, as described (Abe et al., 1996).
owever, when the maturation progressed, the phosphor-
lated XAC remarkably diminished, suggesting that cofilin-
ephosphorylation activity was increased in maturing oo-
ytes. In contrast, XAC from DLIM/XLK1/2-injected oocytes
as more markedly phosphorylated than in the case of control
ocytes (Fig. 8B), while oscillations in the total amount of
AC protein were never evident (data not shown). Although
he phosphorylated state of XAC in DLIM/XLK1/2-injected
ocytes did not fully recover to the level seen at the onset of
aturation, a significant increase in phosphorylated XAC
ompletely abrogated WMS formation. These findings sug-
ested that ectopic expression of the LIM-domain-truncated
orm of XLIMK1/2 prevented dephosphorylation of XAC, an
tion. (A) Changes in the phosphorylated states of XAC protein after
h, were exposed to progesterone and extracts were prepared when
n of Xlimk1/2 mRNA on phosphorylation of XAC. Extracts were
of progesterone treatment. Total XAC protein was immunoblotted
XAC was immunoprecipitated with anti-XAC antibody, detected
io-Imaging Analyzer (Fuji Film). Means with different superscripts
an 6 standard error in three independent experiments. Statistical
treatment.atura
for 4
ectio
r 6 h
lated
00 Bvent which resulted in inactivation of XAC.
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564 Takahashi et al.If this is indeed the case, impaired WMS formation by
DLIM/XLK1/2 would be rescued by the overexpression of
XAC. For this experiment, we used a mutant form of XAC,
named S3A/XAC2, in which the phosphorylation site of
Ser3 is replaced by Ala. S3A/XAC2 cannot be phosphory-
ated, hence it functions in a constitutively active form
Abe et al.,1996; Agnew et al., 1995). As in control oocytes
Figs. 9A and 9B), injection of S3A/XAC2 mRNA alone into
rogesterone-treated oocytes resulted in the appearance of
MS (Figs. 9A and 9D). In contrast, when S3A/XAC2 was
o-injected with DLIM/XLK1/2, the inhibitory action of
FIG. 9. Effects of co-injection of XAC mRNA with Xlimk1/2 mR
after 7 h of progesterone treatment. Each column represents the m
ifferent from control at P , 0.01 by ANOVA. External appeara
LIM/XLK1(KD) mRNA, as a control. (C) Oocytes injected with 10
RNA. (E) Oocytes co-injected with 10 ng of DLIM/XLK1 mRNA
nimal pole of oocytes.LIM/XLK1/2 was abolished; in these oocytes, GVBD and
Copyright © 2001 by Academic Press. All rightormation of MTOC-TMA occurred normally (data not
hown), resulting in the clear appearance of WMS (Figs. 9A
nd 9E). Based on these results, we propose that the disap-
earance of WMS due to DLIM/XLK1/2 expression may be
ediated by an unusual phosphorylation and/or by activa-
ion states of cofilin/XAC.
DISCUSSION
In the present study, we cloned a Xenopus homologue of
during oocyte maturation. (A) The incidence of WMS appearance
6 standard error in three independent experiments. *Statistically
of oocytes is shown in (B–E). (B) Oocytes injected with 10 ng of
DLIM/XLK1 mRNA. (D) Oocytes injected with 10 ng of S3A/XAC2
10 ng of S3A/XAC2 mRNA. Note the clearly visible WMS in theNA
ean
nce
ng of
andLIMK2 (Xlimk2), which was structurally unique in that has
s of reproduction in any form reserved.
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565LIMK in Meiotic Progressiononly one LIM domain (corresponds to LIM-2) (Fig. 1). Our
cytological and biochemical studies clearly showed that the
Xlimk2 product (XLIMK2) was functionally identical to
ammalian LIMK2 (Fig. 3). Furthermore, we obtained evi-
ence that XLIMK1/2 were critically involved in the pro-
ression of progesterone-induced oocyte maturation. Using
n mRNA microinjection system, we demonstrated that
ctopic expression of Xlimk1/2 mRNA clearly prevented
the appearance of WMS, a visible index for GVBD and
subsequent oocyte maturation, via phosphorylation and
inactivation of cofilin. We further found that the LIMK–
cofilin system was required for the organization of the
microtubule-derived precursor of the meiotic spindle. To
our knowledge, this is the first demonstration of a func-
tional contribution of LIMK in an in vivo system.
LIMK is the only known cofilin kinase (Arber et al., 1998;
ang et al., 1998), and conversely, cofilin is the only known
ubstrate of LIMK. During oocyte maturation, phosphory-
ated states of Xenopus cofilin, XAC, were remarkably
changed (Fig. 8A). Phosphorylated, inactive forms of XAC
were predominant in full-grown oocytes (Abe et al., 1996,
nd this study), and the level of phosphorylated XAC
ecreased when maturation progressed. On the other hand,
he ectopic expression of XLIMK resulted in a greater extent
f phosphorylated XAC (Fig. 8B). Furthermore, XLIMK-
nduced abnormality was rescued by coexpression of the
onstitutively active form of XAC (Fig. 9). These results
uggested that activation (dephosphorylation) of XAC was
ssential for normal progression of oocyte maturation.
ince cofilin kinase activity in oocytes, mostly attributable
o XLIMK, did not change during maturation (Fig. 4D), it
as likely that “cofilin phosphatase” (Meberg et al., 1998)
ctivity increased in maturing oocytes. Enhanced endoge-
ous cofilin phosphatase activity in maturing oocytes was
lso suggested by the finding that overexpression of DLIM/
LK1/2, dominant-positive types of XLIMK1/2, could phos-
horylate to a certain extent, but not all of, endogenous
AC (Fig. 8B). Enzymatic balance between cofilin kinase
nd cofilin phosphatase would be important for cytoskel-
ton dynamics in maturing oocytes, as well in other cellular
ystems (Bamburg et al., 1999), and excess XLIMK should
isturb the proper level of cofilin activity. On the other
and, that the reduction of phosphorylated XAC paralleled
he decrease of XLIMK1 during maturation is also of inter-
st. LIMK1 and LIMK2 are believed to have distinct and
ndispensable functions, and we previously evidenced the
iverse mode of regulation in kinase activity by distinct
ho family members; LIMK1 is activated by Rac, while
IMK2 is activated by Rho and Cdc42 (Sumi et al., 1999).
Since the data from our in vitro kinase assay did not show
XLIMK1- (or XLIMK2) specific in vivo activity, it could be
possible that the activation systems of XLIMK1 and
XLIMK2 were different, and the decrease of XLIMK1 level
was a cause of XAC dephosphorylation in maturing oo-
cytes.
It is of interest to note that ectopic expression of XLIMK
abrogated normal oocyte maturation without interfering
Copyright © 2001 by Academic Press. All rightwith activation of MAPK and MPF (Fig. 6) and subsequent
GVBD (Fig. 7). The maturation of vertebrate oocytes is
regulated by activation of the Mos–MAPK–MPF cascade
(reviewed in Sagata, 1996, 1997). While a sequence of
cytological alterations, including chromosome condensa-
tion and formation of spindles, occurs after MPF activation,
molecular mechanisms involved in the regulation of these
post-MPF events have remained to be clarified. Cau et al.
(2000) recently demonstrated that MPF activation led to
inactivation of X-PAK2 (Xenopus p21-activated kinase (Pak)
2), an event which allowed for completion of oocyte matu-
ration. Pak family molecules, as well as LIMK, are effectors
of actin-based cytoskeleton dynamics, and in mammals
Pak1 can phosphorylate and activate LIMK (Edwards et al.,
1999). Accordingly, XLIMK might interact with X-PAK2,
and the Pak–LIMK system might be needed for the cy-
toskeletal rearrangements essential for oocyte maturation.
Our cytological observations apparently indicated that
abnormal WMS formation by XLIMK was coincident with
impaired organization, migration, and maintenance of the
MTOC-TMA (Figs. 7C and 7F), a tubulin-derived cellular
component. Since the maturation-induced oocytes exposed
to colchicine (a potent inhibitor of tubulin polymerization)
showed similar abnormal phenotypes in WMS formation
(Fig. 7D), we considered that impaired WMS formation by
XLIMK may be due to abnormal arrangements of microtu-
bule assembly in oocytes. It was also reported that treat-
ment with drugs controlling the stability of microtubules,
such as nocodazole and taxol, affected GV migration and
dissolution in oocytes of the frog, Rana pipiens (Lessman,
1987). From the above findings, the possibility that the
impaired rearrangement of actin microfilaments via
cofilin/XAC inactivation led to abnormal microtubule as-
sembly is suggested. Alternatively, XLIMK and/or XAC
may directly affect microtubule organization. Although we
have no direct evidence to support our hypotheses, both
F-actin and microtubules are extensively rearranged during
oocyte maturation, and both filamentous systems might
interact structurally and functionally in Xenopus oocytes
(Roeder and Gard, 1994; Gard et al., 1995b, 1997), as found
in many somatic cells (reviewed in Gavin, 1997). Further-
more, a crucial role of F-actin in MTOC-TMA formation
and its maintenance was suggested; the MTOC-TMA was
disrupted by treatment of maturing oocytes with cytocha-
lasin B, an inhibitor of actin assembly (Ryabova et al., 1986;
Gard et al., 1995b). We also found that cytochalasin B
treatments resulted in severe distortions of MTOC-TMA
structures and an abnormal appearance of WMS (our unpub-
lished data). Accordingly, it might be considered that excess
amounts of active XLIMK, via cofilin inactivation, caused
abnormal F-actin rearrangements and subsequent impair-
ments in microtubule assembly in MTOC-TMA organiza-
tion and/or migration. This notion was well supported by
findings in a Drosophila mutant, twinstar (tsr) (Gunsalus et
al., 1995). A mutation in tsr encoding a Drosophila cofilin
affected centrosomes (equivalent to MTOC) dynamics in
spermatocytes.
s of reproduction in any form reserved.
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566 Takahashi et al.In mammals, the involvement of LIMK in meiotic pro-
cesses is expected. We previously identified a novel isoform
of murine LIMK2, which lacked the LIM domain (Taka-
hashi et al., 1998). This variant, termed tLIMK2, is restrict-
dly expressed in spermatogenic cells; it is possible that
LIMK2 is an important player during meiosis. Further
nalyses should clarify the functional significance of LIMK/
LIMK in meiotic process. In addition, we will examine in
vivo functions of XLIMK1/2 in a variety of developmental
processes, such as cleavage division and gastrulation, in
which the dynamics related to the cytoskeleton are essen-
tial.
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